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ABSTRACT 

Photoluminescence  (PL)  spectroscopy  and  infrared(IR)spectroscopy  have  been  used  to  measure  the  surface  condition  of  Ti02  powder.The 
adsorption  of  electron  acceptor  and  donor  molecules  has  been  shown  to  modify  band  bending  at  the  Ti02  surface.  Single  walled  nanotubes 
(SWNTs)  are  shown  to  be  electron  acceptor  molecules.  The  PL  was  used  to  observe  the  buildup  during  UV  irradiation  of  surface 
photovoltage,  and  it  was  found  that  Ti02  particles,  fused  and  pressed  together  by  water  treatment  +  drying,  led  to  enhanced  interparticle 
conductivity  compared  to  Ti02  particles  pressed  in  a  dry  condition  and  considered  to  be  isolated.  The  conductivity  can  be  used  to  monitor 
conduction  through  the  Ti02  bed  and  through  the  bed  containing  SWNT  linkers.  It  was  found  that  while  SWNTs  are  good  acceptors,  no 
added  conductivity  from  isolated  Ti02  grain  to  grain  was  seen  even  for  10%  mixtures.  It  was  shown  that  PL  gives  insight  into  the  electronic 
state  of  the  very  outermost  Ti02  particles  in  a  packed  bed.  Such  beds  are  used  in  photovoltaic  cells.  The  PL-IR  spectrometer  is  unique  in  the 
field,  allowing  both  chemical  and  electronic  properties  to  be  measured  for  the  surfaces  of  small  semiconductor  particles. 
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Summary  of  Results-  ARO  Supported  Research-  2010-2012 


The  main  focus  of  our  research  has  been  to  build  and  utilize  a  combined 
photoluminescence-IR  spectroscopy  apparatus  (PL-IR)  now  being  used  in  the 
study  of  particulate  Ti02-  a  material  of  great  technological  interest  in  the  field  of 
photovoltaics  as  well  as  in  solar-driven  decontamination  strategies  of  interest  to 
the  military.  This  effort  has  been  successful  and  two  papers  have  been  published 
using  the  new  spectrometer-system.  Two  more  papers  are  in  the  final  stage  of 
preparation.  The  spectrometer  is  unique  in  the  world  for  its  combination  of  the 
two  surface  spectroscopies,  permitting  the  chemical  and  electronic  behavior  of 
particulate  surfaces  to  be  studied  together.  A  second  major  accomplishment  is 
the  publication  of  an  extensive  review  concerned  with  band  bending  on 
semiconductors  entitled  "Band  Bending  in  Semiconductors:  Chemical  and  Physical 
Consequences  at  Surfaces  and  Interfaces."  This  massive  review  has  received  a 
strong  reception  from  the  scientific  community  where  in  the  first  30  days  it  has 
been  the  third  most-viewed  paper  in  Chemical  Reviews.  This  follows  up  on  the 
very  high  total  citation  count  for  three  other  ARO-supported  reviews  from  my 
group  concerned  with  Ti02  photochemistry  [A.  Linsebigler,  et  al..  Chemical 
Reviews  95,  735  (1995)-  5,373  citations;  T.  Thompson  et  al.,  Chemical  Reviews 
106,  48  (2006)-  731  citations;  and  Surface  Science,  J.T.  Yates,  Jr.  Surface  Science 
603,  1605  (2009)-  59  citations.  In  addition,  other  studies  of  the  behavior  of  self- 
assembled  layers  on  gold  surfaces  have  been  pursued  with  partial  assistance  from 
ARO. 

Below  are  described  the  details  of  the  work  accomplished  to  date  under  ARO 
support.  In  this  work  we  have  explored  the  use  of  PL  spectroscopy  for  observing 
the  effect  of  adsorption  on  band  bending  in  particulate  Ti02.  The  new  instrument 
permits  us  to  probe  the  very  outermost  Ti02  particle  in  a  packed  bed  of  particles. 
We  can  see  at  very  high  sensitivity  the  progress  of  adsorption  from  the  outermost 
parts  of  the  particle  bed  to  the  interior-  an  effect  which  is  very  important  in 
optimizing  the  efficiency  of  sorbents  and  detectors  involving  powdered  active 
material.  The  PL  method  also  allows  charge  transfer  effects  to  be 


spectroscopically  witnessed  by  following  the  effect  of  UV  irradiation  on  the 
surface  potential  of  the  Ti02  particles.  A  build  up  of  surface  photovoltage  is 
observed  when  the  particles  are  disconnected  from  each  other.  Upon  connection 
of  the  particles  using  a  very  simple  hydrolysis  method  which  we  have  devised  (see 
Figure  1),  surface  photovoltage  is  dissipated  by  carrier  conduction  through  a 
network  of  interconnected  Ti02  particles  and  this  may  be  readily  observed  by  the 
PL  behavior. 


Interconnected  Ti02  Particles 


Figure  1.  Interconnected  Ti02  particles  made  by  hydrolysis. 


Two  publications  are  being  written.  One  is  concerned  with  the  interaction  of 
single  walled  nanotubes  (SWNTs)  with  Ti02  when  irradiated  by  UV  light.  As 
expected,  SWNTs  are  good  acceptor  molecules,  decreasing  photoluminescence 
when  mixed  with  Ti02as  shown  in  Figure  2. 


Figure  2.  Effect  of  Mixed  SWNT-  Ti02  on  Photoluminescence. 


A  second  publication  in  preparation  concerns  the  ability  of  SWNTs  to  conduct 
charge  between  Ti02  particles-  a  favorite  proposed  use  of  SWNTs.  Here  we  see 
that  inter-particle  conductivity  is  not  enhanced  by  SWNTs  as  measured  by  the 
very  similar  rate  of  charge  buildup  in  isolated  and  in  SWNT-connected  particles  as 
shown  in  Figure  3.  The  reason  for  this  effect  could  be  charge  recombination  at 
defects  in  the  SWNTs  and  this  will  be  further  investigated.  Other  methods  of 
enhancing  interparticle  conductivity  will  be  explored  such  as  the  use  of  volatile 
linker  molecules  and  the  use  of  gold  connector  particles,  as  proposed  in  a  new 
proposal  under  consideration  byARO. 


Isolated  Ti02  Particles 


UV  IrradiationTime(min) 

Figure  3.  Lack  of  Ti02  Inter-particle  Conductivity  Caused  by  SWNTs 


Published  work: 


1.  Probe  of  NH3  and  CO  Adsorption  on  the  Very  Outermost  Surface  of  a 
Porous  Ti02  Adsorbent  Using  Photoluminescence  Spectroscopy 

Ana  Stevanovic  and  John  T.  Yates  ,  Jr.* 

Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  Virginia  22904, 

United  States 

Langmuir ,  2012,  28  (13),  pp  5652-5659 

We  report  the  first  measurements  of  the  kinetics  of  adsorption  on  the  very 
outermost  surface  sites  of  a  porous  material  compared  to  measurements  made  of 
adsorption  on  the  interior  sites.  NH3  and  CO  were  employed  in  this  study  as 
representative  of  slow  diffusion  and  fast  diffusion,  respectively,  through  porous 
Ti02.  Adsorption  of  NH3  at  200  K  occurs  mainly  at  the  very  near  surface  (—20  nm) 
region  as  observed  by  photoluminescence  (PL)  spectroscopy,  and  its  distribution 
by  surface  diffusion  through  the  powder  is  highly  retarded  as  judged  by 
transmission  IR  spectroscopy.  In  contrast,  the  adsorption  of  CO  in  the  near- 


surface  region  at  120  K  is  followed  by  the  fast  distribution  of  CO  by  surface 
diffusion  into  Ti02  powder,  causing  the  near-surface  CO  coverage  to  lag  behind 
the  coverage  in  the  bulk.  In  the  desorption  process,  the  near-surface  region 
delivers  adsorbed  CO  molecules  into  the  gas  phase,  accompanied  by  the  supply  of 
diffusing  CO  molecules  from  the  interior.  As  a  result,  the  adsorption/desorption 
processes  for  CO  in  the  near-surface  region  of  porous  Ti02  show  a  pronounced 
hysteresis  effect.  As  surface  diffusion  is  retarded  at  lower  temperatures,  the 
hysteresis  effect  gradually  disappears. 
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2.  Band  Bending  in  Semiconductors:  Chemical  and  Physical  Consequences  at 
Surfaces  and  Interfaces 

Zhen  Zhang  and  John  T.  Yates ,  Jr.* 

Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  Virginia  22904,  United  States 

Chem.  Rev.,  2012, 112  (10),  pp  5520-5551 

Band  bending  at  semiconductor  surfaces  is  a  phenomenon  with  widespread 
applications  in  areas  of  surface  photochemistry,  junction  phenomena  in 
electronics,  heterogeneous  catalysis,  photovoltaics  and  electrochemistry.  This 
comprehensive  review  concerns  the  origin  of  band  bending,  how  band  bending  is 
measured,  and  its  influence  on  charge  transfer  at  surfaces.  Surface  science 
methods  now  permit  band  bending  to  be  measured  in  a  local  fashion  and  allow 
one  to  manipulate  band  bending  in  a  number  of  informative  ways  to  govern  the 
behavior  of  electronic  devices. 
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hv 


semiconductor  metal 


3.  Electron  stimulated  desorption,  DIET,  and  photochemistry  at  surfaces:  A 
personal  recollection 


John  T.  Yates,  Jr. 

Department  of  Chemistry,  University  of  Virginia,  Charlotttesville,  Virginia  22904,  USA 

J.  Chem.  Phys.  137,  091701  (2012); 

This  personal  recollection  describes  my  involvement  with  others  in  the  beginning 
of  the  fields  of  electron  stimulated  desorption,  desorption  induced  by  electronic 
transitions  (DIET),  and  photochemistry  on  surfaces.  ARO  had  much  to  do  with  our 
beginning  work  on  surface  photochemistry,  where  work  on  Ti02  surfaces  was 
supported. 

The  photochemistry  on  Ti02  is  connected  to  many  military  technologies  such  as 
the  destruction  of  chemical  agents  by  sunlight,  the  improvement  of  photovoltaic 
cells  and  the  development  of  sensors  related  to  the  electronic  excitation  of 
semiconductors.  The  topic  of  photochemistry  at  surfaces  constitutes  a  major 
portion  of  the  field  of  surface  science  today. 


4.  The  Role  of  Gold  Adatoms  and  Stereochemistry  in  Self-Assembly  of 
Methylthiolate  on  Au(lll) 


Oleksandr  Voznvv  Jan  J.  Dubowski  J.  T.  Yates ,  Jr.^  and  Peter  Maksvmovvch  s 
Department  of  Electrical  and  Computer  Engineering,  Centre  of  Excellence  for 
Information  Engineering  (CEGI),  Universite  de  Sherbrooke,  Sherbrooke,  Quebec  J1K 
2R1,  Canada,  Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  Virginia 
22904,  Department  of  Chemistry,  University  of  Pittsburgh,  Pittsburgh,  Pennsylvania 


15217,  and  Center  for  Nanophase  Materials  Sciences,  Oak  Ridge  National  Laboratory, 

Oak  Ridge,  Tennessee  37831 
J.  Am.  Chem.  Soc.,  2009, 131  (36),  pp  12989-12993 

On  the  basis  of  high  resolution  STM  images  and  DFT  modeling,  we  have  resolved 
low-  and  high-coverage  structures  of  methylthiolate  (CH3S)  self-assembled  on  the 
Au(lll)  surface.  The  key  new  finding  is  that  the  building  block  of  all  these 
structures  has  the  same  stoichiometry  of  two  thiolate  species  joined  by  a  gold 
adatom.  The  self-arrangement  of  the  methylthiolate-adatom  complexes  on  the 
surface  depends  critically  on  their  stereochemical  properties.  Variations  of  the 
latter  can  produce  local  ordering  of  adatom  complexes  with  either  (3  x  4)  or  (3  x 
4V3)  periodicity.  A  possible  structural  connection  between  the  (3  x  4V3)  structure 
and  commonly  observed  (V3  x  V3)/?30°  phase  in  methylthiolate  self-assembled 
monolayers  is  developed  by  taking  into  account  the  reduction  in  the  long-range 
order  and  stereochemical  isomerization  at  high  coverage.  We  also  suggest  how 
the  observed  self-arrangements  of  methylthiolate  may  be  related  to  the  c(4  x  2) 
phase  of  its  longer  homologues. 


5.  Photoluminescence  of  Ti02:  Effect  of  UV  Light  and  Adsorbed  Molecules  on 
Surface  Band  Structure 

Ana  Stevanovic,  Michael  Buttner,  Zhen  Zhang,  and  John  T.  Yates,  Jr. 

J.  Am.  Chem.  Soc.,  2012, 134  (1),  pp  324-332 

The  photoluminescence  (PL)  of  Ti02  at  529.5  nm  (2.34  eV)  has  been  found  to  be  a 
sensitive  indicator  of  UV-induced  band  structure  modification.  As  UV  irradiation 


occurs,  the  positive  surface  potential  changes  and  shifts  the  depth  of  the 
depletion  layer.  In  addition,  reversible  band  bending  due  to  the  adsorption  of  the 
electron-donor  NH3  and  CO  molecules  has  been  observed  in  measurements 
combining  PL  with  FTIR  surface  spectroscopy.  It  has  been  found  that  the  02 
molecule  acts  in  two  ways:  as  a  reversibly  adsorbed  electron-acceptor  molecule 
and  as  an  irreversibly  adsorbed  molecule  that  heals  natural  oxygen  vacancy 
defects  in  the  near-surface  region. 


A.  Enhancement  of  Active  Pi  Region  B.  Change  of  Surface  Charge  Distribution 
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6.  Electron-Mediated  CO  Oxidation  on  the  TiO2(110)  Surface  during 
Electronic  Excitation 

Zhen  Zhang  and  John  T.  Yates ,  Jr.* 

Department  of  Chemistry,  University  of  Virginia,  Charlottesville,  Virginia  22904 
J.  Am.  Chem.  Soc.,  2010, 132  (37),  pp  12804-12807 

The  role  of  electrons  and  holes  in  the  electronically  excited  oxidation  of  adsorbed 
CO  on  TiO2(110)  has  been  investigated  by  tuning  the  surface  electron  and  hole 
availability  by  the  adsorption  of  Cl2  or  02.  The  presence  of  an  electron  acceptor 
(Cl2  or  02)  on  the  TiO2(110)  surface  causes  upward  band  bending,  increasing  the 
excited  hole  availability  and  decreasing  the  excited  electron  availability  in  the 
near  surface  region.  This  enhances  02  desorption  and  depresses  C02  production 
during  electronic  excitation.  This  result  gives  clear  evidence  for  the  first  time  that 


the  electronically  excited  CO  oxidation  reaction  is  caused  by  an  electron-mediated 
process  in  contrast  to  02  desorption  which  is  mediated  by  holes. 


Schematic  Mechanism  of  Electron-  and  Hole-Driven 
Surface  Processes  on  TiO2(110) 
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